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There are presently rapid advances in both the quality and quantity of data being taken
on the breakup of exotic weakly bound nuclei. Many more exclusive data are being measured
which clarify the contributions arising from dierent nal states, or which reveal hitherto
unobserved interference between dierent breakup partial waves or contributing mechanisms.
These new data provide much more demanding tests of available reaction theoretical meth-
ods, of their ecacy as probes of rare isotope structures and reaction mechanisms, and of
their applicability to problems in nuclear astrophysics. Appropriate, but approximate reac-
tion theories are therefore being constantly developed, tested and rened. This contribution
touches on some of these recent theoretical developments.
x1. Introduction
Semi-classical eikonal (impact parameter based) methods have been remarkably
successful in interpreting the new data on reactions initiated by rare beams from frag-
mentation facilities, with beam energies of order or in excess of 50 MeV/nucleon.
This is particularly true for secondary reactions on light nuclear targets where the
short-ranged nuclear interactions drive the dominant reaction mechanisms and the
sudden or adiabatic approximation is on a sound theoretical footing. Of particu-
lar recent interest is their use in developing a quantitative description of nucleon
knockout reactions for the single-particle spectroscopy of rare nuclear beams. Re-
cent reviews of the status of this work can be found in references.1){3) Extensions of
such knockout reaction calculations to lower energies will be discussed briey.
The coupled discretised continuum channels (CDCC) methodology is also very
well adapted to the description of eective three-body systems in which the nuclear
interactions are dominant. Recently, the method has provided a detailed under-
standing4) of the measured asymmetric momentum distributions of the core residues,
observed following single-neutron removal reactions from halo nuclei by a light target.
The most demanding theoretical situation is the description of reactions where
there are signicant contributions from both nuclear and Coulomb processes. The
convergence of practical and realistic calculations is then an important issue. There
are several new sets of data available for the breakup of 8B on heavy target nuclei
obtained with beam energies from 3 to 80 MeV/nucleon. The CDCC method, re-
cently applied to these systems, reveals unambiguously how critical the inclusion of
the higher-order couplings in the continuum is to gain even a qualitative description
of breakup reaction data. The status of such calculations is reviewed briey and
outstanding discrepancies are noted.
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x2. Eikonal-like calculations
New reaction data are both of increasing quality and are more exclusive with
respect to measured nal states and/or fragment angular or energy distributions,
e.g.2), 4){6) Eikonal methods, because of the relative simplicity of their calculational
machinery, and the transparency of the required physical inputs, have been used ex-
tensively to interpret the rst generation of usually rather inclusive data on few- and
many-body projectiles. The accuracy of the eikonal approximation, and the implied
adiabatic/sudden approximation, are therefore the subject of ongoing studies.4), 7){10)
An important application of these methods is to single-nucleon knockout reactions,
e.g.2), 4), 5), 11) We point out here that the exact continued phases approach, discussed
previously in the context of elastic scattering calculations,7) provides a simple and ef-
cient means to make signicant improvements to the eikonal description of nucleon
knockout reactions at low and intermediate energies.
While most knockout reaction analyses have been carried out at energies in
excess of 50-60 MeV/nucleon, the accuracy of the methods at these and at lower en-
ergies is of importance. A recent study by Esbensen and Bertsch8) concludes that the
lowest order eikonal calculations, in which the constituent-target (removed nucleon-
and core-target) S-matrices S(b) are calculated as the integrals of the appropriate
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Fig. 1. Moduli of the elastic S-matrices for n+12C scattering at 25, 45 and 70 MeV calculated using
the eikonal (dashed curves) and EC (solid curves) phase shifts of reference.7)
optical potential along the path of the particle (the z-direction, see e.g. equation
5 of reference7)) underestimate the nucleon removal reaction cross sections at lower
energies. This was deduced on the basis of comparisons with more accurate calcu-
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lations, based on a time-dependent calculational scheme.8),12) We clarify here that
this underestimation is entirely expected, based on the qualitative behavior of the
eikonal approximation to these S-matrices, in particular that for the light, low mo-
mentum (removed nucleon) constituent in the reaction. Indeed, our earlier analyses
already took these necessary eects into account.3), 13)
To be specic, Figure 1 shows the calculated jS(b)j of the eikonal model for a
neutron on a 12C target at 25, 45 and 70 MeV (dashed curves). The neutron optical
potentials used are the Chapel Hill CH86 parameter set.14) These jS(b)j should be
compared with the solid curves. These show the exact impact parameter dependent
S-matrix. This is obtained by the numerical solution of the radial Schrodinger equa-
tion, in the presence of the optical potential, but for arbitrary continuous orbital
angular momenta . We associate the physical integer orbital angular momenta `
with impact parameters bk = ` + 1=2, and similarly for , with k the neutron in-
cident wave number in the center of mass frame. These S(b), which continue the
exact partial wave S-matrix S` to all real non-integer angular momenta, is the exact
continued (EC) S-matrix of reference.7)
Figure 1 shows a characteristic feature of the eikonal approximation to the elastic
S-matrix { that at low energies it has a smaller spatial extent - and so it eectively
underestimates the size of the target, the interaction range and that of its absorption.
The result, given the surface dominance of the knockout reaction, is that use of the
eikonal S(b) will naturally underestimate both the stripping (absorption) and elastic
breakup (diraction dissociation) contributions to the one-nucleon removal reaction.
This is shown in Figure 2 for the example of neutron removal from a 15C projectile,
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Fig. 2. Calculated stripping (absorption) and elastic breakup contributions to the one-nucleon re-
moval reaction for 15C+12C!14C(gs)+X, as a function of the projectile energy in MeV/nucleon.
The dashed and solid curves show calculations based on the eikonal and EC S-matrices, respec-
tively.
15C+12C!14C(gs)+X, as a function of the projectile energy in MeV/nucleon. The
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dashed and solid curves show cross sections calculated using the usual formulae for
the stripping and diractive breakup processes,15), 16) but using the eikonal and EC
S-matrices, respectively. Their sum is also shown. The calculations are qualitatively
and quantitatively very similar to those presented by reference.8) The lowest order
eikonal description, if based on constituent optical potentials tted to elastic scatter-
ing data, will indeed underestimate the calculated nucleon removal cross sections at
low energies and so overestimate any extracted spectroscopic factors deduced from
comparisons with data. We believe that Figure 1 provides a simple insight into the
deciency of the low energy eikonal S-matrix derived from potential models. It is a
simple process to include the more accurate S-matrix in the existing structure of the
eikonal calculational schemes.3), 17)
x3. CDCC Calculations of Breakup from Light Targets
The CDCC is an established technique for breakup studies and has been for-
mulated and applied extensively to the scattering of two-body projectiles, such as
the deuteron, 6Li (+d) and 7Li (+t). The development of the approach and
its relationship to Faddeev and more approximate three-body methods have been
comprehensively reviewed in.18), 19)
The method proceeds by constructing a square integrable basis set of relative
motion states in the separation of the two projectile constituents, denoted ^(~r),
on which to expand the three-body wave function of the (two-body) projectile and
target 	 (+)(~r; ~R). Using this basis set, the CDCC approximates the three-body
Schrodinger problem by an eective two-body coupled channels equation set. The
CDCC therefore works with a (nite volume) model space Hamiltonian
HCD = PHP; P =
maxX
=0
j^ih^j: (3.1)
Here  = 0 labels the projectile ground state and the label  indicates the set
of states which partition the (physically important) three-body continuum.20) The
question in CDCC model solutions is therefore the completeness and adequacy of this
assumed model space. There has been considerable attention paid to the convergence
of the CDCC scheme in the case of nuclear breakup of light and light-heavy ions.18)
The practical convergence of derived S-matrices has been demonstrated with respect
to the maximum breakup energies included, the number of breakup partial waves
treated, the maximum order of potential multipole couplings, and the number and
widths of the continuum bins assumed in each breakup partial wave. Details can be
found in.18), 20)
More recently,3),4) the CDCC method has also been used to investigate the accu-
racy of the eikonal methods, discussed in the previous section. Of course the CDCC
can calculate only the elastic breakup part of the nucleon knockout reaction, and
so can be used only to improve that part of the eikonal scheme. The calculations,
however, conrmed that the eikonal methods do calculate reliable integrated elastic
breakup cross sections. The (fully quantum mechanical) CDCC formulation also
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allows the study of more precise features (such as an observed high/low momen-
tum asymmetry, e.g.5)) in the measured momentum distributions in exclusive, with
respect to the nal state of the residual nucleus, nucleon-knockout reactions from
weakly-bound and halo nuclei such as 11Be and 15C.3), 4) Details of the calculation of
the breakup triple dierential cross sections within the CDCC can be found in ref-
erence.20) The parallel momentum, or energy distributions of the fragment(s) must
then be obtained by integration over the appropriate parts of the nal state phase
space. This facility allows the calculation of the most exclusive breakup observables
and also aids a correct treatment of experimental acceptances, detector solid angles,
etc. in detailed comparisons with data.
For breakup of weakly bound neutron+core systems at 50-70 MeV/nucleon in-
cident energies on a light target (nuclear breakup), typically, breakup energies up
to 20-25 MeV are needed in the neutron+core system. The corresponding relative
motion partial waves of these fragments needed are up to F and/or G waves. These
values are rather universal, reecting the linear and angular momentum transfers
induced by the surface diuseness of the constituent-target nuclear tidal interac-
tions. In each partial wave the range of breakup energies is accurately mapped by of
order 10{15 continuum bins, dividing equally the range of breakup wave numbers.
This gives a basis size with of order 70{80 bin states. The reader is directed to
references3) and4) for details of these applications, but Figure 3, from,4) shows the
momentum distributions measured (symbols) following one-neutron removal from a
15C beam of 54 MeV/nucleon, leaving 14C in its 0+ (gs, circles) or 1  (6.09 MeV,
triangles) excited state. The broken curves are the eikonal calculations. The solid
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Fig. 3. Measured and calculated4) parallel momentum distributions, following neutron removal
from a 15C beam by a 9Be target, at 54 MeV/nucleon. The solid curve includes the calculated
CDCC elastic breakup contribution.
curve, which includes the CDCC calculation of the elastic breakup component of
the cross section, is seen to give an excellent description of the measured asymme-
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try of the ground state momentum distribution. Moreover4) it reproduces also the
measured distribution of ground state fragments with scattering angle.
x4. CDCC Calculations of Breakup from Heavy Targets
Coupled channels (CDCC) calculations on heavy (highly charged) targets, where
Coulomb breakup is important, are on a much less secure footing with regard con-
vergence of the calculations and the model space required. The volume of the con-
guration space is large since the couplings are of long range.21) An assessment
of theory has in part awaited good quality (exclusive) data with which to compare
model calculations. There are several new sets of data available for the breakup of
8B on heavy target nuclei obtained with beam energies from 3 to 80 MeV/nucleon.
These data6),22), 23) were motivated, in large part, by the wish to understand the
E1 and E2 contributions to the breakup reaction so as to extract the E1 strength
for comparison with, or deduction of, the low energy proton+7Be radiative capture
reaction S factor, of importance to the 8B production rate and to the measured
high energy solar neutrino ux. This is not the emphasis here, where our rst wish
is to investigate the general level of agreement between practically feasible CDCC
calculations of Coulomb breakup and these data.
It should be pointed out that all the calculations presented here use a very
simple pure single particle description of the 8B ground state wave function with
unit spectroscopic factor. The inclusion of more sophisticated 8B structure models
within the CDCC is an additional challenge for the future.
4.1. Breakup at near Coulomb barrier energies
A recent careful CDCC study20) of data for the 8B+58Ni breakup reaction at
low energy, 26 MeV,6) has been very encouraging. Such low (near Coulomb barrier)
energy reactions are a particular challenge as the roles of both Coulomb and nuclear
interactions are strong, as is the role of E1, E2 and potentially higher order electric
multipole transition operators. In the work of reference,20) calculations required a
model space including the S, P , D and F waves 7Be+proton continuum and breakup
energies up to 10 MeV. E3 multipole transitions were also shown to be important
in this case and Coulomb and nuclear eects were both strong and interfering, as
noted in the work of Nunes and Thompson.21) Special care has to be taken in
the treatment of the long range real multipole interactions in the case of Coulomb
couplings, in particular between continuum bin states, themselves of long range.
These long range couplings impact also on the number of partial waves needed in the
projectile-target relative motion, Lmax. Integrations in this projectile-target relative
motion coordinate ~R at large distances, where the couplings are due only to the
real Coulomb multipole potentials, are carried out using the coupled Coulomb wave
functions solution method discussed by Christley and Thompson.24) The integration
range is divided into segments in which the potentials are represented by linear
approximations and in which piece-wise analytic solutions are obtained. Calculations
required Lmax  1000 and Rmax  500-1000 fm. Full details of the model space used
can be found in.20)
Eikonal and Coupled-Channels Reaction Methods ... 7
A particular feature of the data of reference6) is the availability of 7Be frag-
ment energy distributions measured at several laboratory angles. This observable is
strongly aected by interference between dierent breakup partial waves and so is a
valuable indicator of the consistency of the overall coupling scheme. One such exam-
ple, for 7Be residues emerging at 40, is shown in Figure 4. The data are shown by
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Fig. 4. Measured6) and calculated20) dierential cross sections for 7Be fragments emerging at 40
in the laboratory following breakup of 8B on 58Ni at 26 MeV. The curves are discussed in the
text.
the lled circles, with associated error bars. The full curve is the complete coupled
channels CDCC calculation. The long-dashed curve shows the results of a rst order
(DWBA) calculation of the breakup reaction. That is, in the CDCC calculations,
couplings are allowed to act only once from the 8B ground state to each continuum
bin state in the model space. The overestimation of the cross section distribution is
apparent and its shape is characteristic of that from the interference of E1 and E2
transitions in semi-classical rst-order theory.22) The dot-dashed curve, called the
no continuum-continuum coupling calculation, allows all orders of coupling between
the 8B ground state and the bin states representing the continuum. However, no
couplings between continuum states are included, and so no redistribution or rear-
rangement of breakup ux within the continuum is included.
As might be anticipated, the cross section is smaller than that of the DWBA
calculation, reecting reverse coupling eects which return ux from the continuum
to the ground state. The calculation without continuum-continuum couplings nev-
ertheless does not describe the data for this observable, nor indeed the 7Be angular
distribution. The full CDCC calculations were stable against variations in the model
space used and were able to reproduce the full set of measured data within the accu-
racy of the measurements. The CDCC calculation has only minor sensitivity to the
parameters of the model used, such as the proton-target potential which is assumed
and to the specic (single-particle) structure model assumed for the 8B ground state.
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This is a considerable incentive to take more precise data for such systems as this
capability becomes available.
4.2. Breakup at fragmentation beam energies
At higher energies, 44.1 MeV/nucleon22) and 83 MeV/nucleon,23) parallel mo-
mentum distributions of the 7Be residues emerging into a very forward angle cone,
following breakup of 8B on a 208Pb target have been measured. At 83 MeV/nucleon
the breakup cross section, for forward going fragments, was also measured as a
function of the relative energy of the proton and 7Be, with high precision. CDCC
calculations were able to reproduce this data precisely and without parameter vari-
ation (see Figure 17 of reference23)). These data are, however, incoherent in the
electric multipole contributions and, as the E2 contributions are much reduced at
this energy, do not pose such a demanding test of the theory. They do however give
a reasonable indication that the CDCC has a good overall E1 strength.
The 7Be residue parallel momentum distributions however, as for the energy dis-
tributions for the low energy data, are a particularly sensitive indicator of competing
E1 and E2 dominated breakup pathways, showing strong interference eects even
in leading order.22) In the rst-order semi-classical (Coulomb excitation) theory, the
E2 amplitude from a simple single-particle 8B structure model,12) as used in the
CDCC, has to be reduced by a factor of 0.7 in order to reproduce the measured in-
terferences in the 44.1 MeV data.22), 23) Higher order eects, such as are included in
the CDCC, are suggested as being the source of this reduction. This supposition is
supported also by earlier12) time-dependent calculations of the eects of higher order
coupling contributions, which showed a reduced level of interference, i.e. an eective
suppression of E2 strength within the higher order analysis. This time-dependent
formulation of higher order eects has been rened considerably, meanwhile, using
the eciency of Lagrange mesh techniques,25) although this has yet to be applied
to parallel momentum distribution calculations. The results of CDCC calculations
are shown in the left panel of Figure 5. The results are seen to show insucient
interference (too shallow a slope) compared to the experimental data, revealing a
considerable suppression of E1/E2 interference eects. Recall that the rst order
theory required a scaling of the E2 amplitude by 0.7 to reproduce these data. On
the contrary, the right panel of the Figure shows that, within the CDCC, the E2
strength (matrix elements) have to be enhanced by a factor of order 1.6 to restore the
observed interference eects. The importance of the E2 contributions, and indeed of
the higher order eects, fall with increasing incident energy and the data at around
80 MeV/nucleon add rather little to the clarication of the E2 component. The data
at this higher energy are not strongly aected by rescaling of the E2 contributions.
In summary, 8B breakup data are available over a wide energy range. The
data at 26 MeV, from Notre Dame,6) are well described by the CDCC, however the
error bars remain signicant. They show however how important it is to include
continuum channel couplings to reproduce data at near Coulomb barrier energies.
Predictions for the data from MSU22),23) at higher energies, particularly the parallel
momentum distribution data at 44.1 MeV/nucleon, show considerable reaction model
dependence, the CDCC predicting large higher order eects and large suppression
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Fig. 5. Measured22) and calculated26) parallel momentum distributions for 7Be fragments, in the
forward angle cones indicated, from 8B breakup on a 208Pb target at 44.1 MeV/nucleon. The
left panel shows the full CDCC calculations. The right panel shows calculations in which all E2
multipole couplings have been scaled by a factor of 1.6.
of E2 interference eects. It remains to be claried if this reveals a diculty with
the 8B structure, the CDCC convergence or with the data themselves. It would be
timely, as a rst step toward such a clarication, to carry out detailed comparisons
of the results of the available (CDCC and time-dependent) higher-order reaction
theories. The very interesting case of the 44.1 MeV MSU data oers an energy and
angular regime in which the assumptions underlying both theories are expected to
be quite reliable and where these comparisons should be very informative.
Acknowledgements
This work is supported by the United Kingdom Engineering and Physical Sci-
ences Research Council (EPSRC) through grant number GR/M82141. The support
of an EPSRC research studentship (for J.M.) is also gratefully acknowledged. Col-
laborations and discussions with Daniel Bazin, Alex Brown, Thomas Glasmacher,
Gregers Hansen, Valentina Maddalena, Alahari Navin, Brad Sherrill, and Filom-
ena Nunes, which made the work of references 4 and 20 possible are also gratefully
acknowledged.
References
1) P.G. Hansen and B.M. Sherrill, Nucl. Phys. A693 (2001), 133.
2) V. Maddalena, T. Aumann, D. Bazin, B.A. Brown, J.A. Caggiano, B. Davids, T. Glas-
macher, P.G. Hansen, R.W. Ibbotson, A. Navin, B.V. Pritychenko, H. Scheit, B.M. Sherrill,
M. Steiner, J.A. Tostevin, and J. Yurkon, Phys. Rev. C63 (2001), 024613.
3) J.A. Tostevin, Nucl. Phys. A682 (2001), 320c.
4) J.A. Tostevin, D. Bazin, B.A. Brown, T. Glasmacher, P.G. Hansen, V. Maddalena,
10 J.A. Tostevin, J.M. Brooke, J. Mortimer and I.J. Thompson
A. Navin and B.M. Sherrill, Single-particle spectroscopy of rare isotope beams: Calcu-
lations beyond the eikonal approximation, Proceedings of the INPC2001, Berkeley August
2001, AIP Conference Series, in the press.
5) T. Aumann, A. Navin, D. Bazin, B. Blank, B.A. Brown, J.E. Bush, J.A. Caggiano, L.
Chen, B. Davids, T. Glasmacher, V. Guimar~aes, P.G. Hansen, R.W. Ibbotson, D. Karnes,
J.J. Kolata, V. Maddalena, B. Pritychenko, H. Scheit, B.M. Sherrill, and J.A. Tostevin,
Phys. Rev. Lett. 84 (2000), 35.
6) J. J. Kolata, V. Guimar~aes, D. Peterson, P. Santi, R. H. White-Stevens, S. M. Vincent, F.
D. Becchetti, M. Y. Lee, T. W. O'Donnell, D. A. Roberts, and J. A. Zimmerman, Phys.
Rev. C63 (2001), 024616.
7) J.M. Brooke, J.S. Al-Khalili, and J.A. Tostevin, Phys. Rev. C59 (1999), 1560.
8) H. Esbensen and G.F. Bertsch, Phys. Rev. C64 (2001), 014608; G.F. Bertsch, contribution
to this volume.
9) R.C. Johnson, J. of Phys. G: Nucl. Part. Phys. 24, (1998), 1583.
10) N. Summers, Beyond the adiabatic model for the elastic scattering of composite nuclei,
PhD thesis, University of Surrey, 2001, unpublished.
11) B.M. Sherrill, contribution to this volume.
12) H. Esbensen and G.F. Bertsch, Nucl. Phys. A600 (1996), 37.
13) J.A. Tostevin, in: `Fission and Properties of Neutron-rich Nuclei', Proceedings of the
Second International Conference (St Andrews, Scotland, 28 June - 3 July 1999) ed. by
J.H. Hamilton, W.R. Phillips and H.K. Carter, World Scientic (Singapore), March 2000,
429.
14) R.L. Varner, W.J. Thompson, T.L. McAbee, E.J. Ludwig, and T.B. Clegg, Phys. Rep.
201 (1991), 57.
15) K. Hencken, G.F. Bertsch, and H. Esbensen, Phys. Rev. C54 (1996), 3043.
16) J.A. Tostevin, J. of Phys. G: Nucl. Part. Phys. 25, (1999), 735.
17) E. Sauvan, F. Carstoiu, N.A. Orr, J.C. Angelique, W.N. Catford, N.M. Clarke, M. Mac
Cormick, N. Curtis, M. Freer, S. Grevy, C. Le Brun, M. Lewitowicz, E. Liegard, F.M.
Marques, P. Roussel-Chomaz, M.G. Saint Laurent, M. Shawcross and J.S. Wineld, Phys.
Lett. B491 (2000), 1.
18) M. Kamimura, M. Yahiro, Y. Iseri, Y. Sakuragi, H. Kameyama, and M. Kawai Prog.
Theor. Phys. Suppl. 89 (1986), 1.
19) N. Austern, Y. Iseri, M. Kamimura, M. Kawai, G. Rawitscher, and M. Yahiro, Phys. Rep.
154 (1987), 125.
20) J.A. Tostevin, F.M. Nunes, and I.J. Thompson, Phys. Rev. C63 (2001), 024617.
21) F.M. Nunes and I.J. Thompson, Phys. Rev. C57 (1998), R2818.
22) B. Davids, D. W. Anthony, Sam M. Austin, D. Bazin, B. Blank, J. A. Caggiano, M.
Chartier, H. Esbensen, P. Hui, C. F. Powell, H. Scheit, B. M. Sherrill, M. Steiner, P.
Thirolf, J. Yurkon, and A. Zeller, Phys. Rev. Lett. 81 (1998), 2209.
23) B. Davids, Sam M. Austin, D. Bazin, H. Esbensen, B.M. Sherrill, I.J. Thompson, and J.A.
Tostevin, Phys. Rev. C63 (2001), 065806.
24) J.A. Christley and I.J. Thompson, Comp. Phys. Comm. 79, (1994), 143.
25) V.S. Melezhik and D. Baye, Phys. Rev. C59 (1999), 3232; D. Baye, contribution to this
volume.
26) John Mortimer, Breakup of 8B and 8Li, PhD thesis, University of Surrey, 2001, unpub-
lished.
